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The preceding report  (1)  described derivation of infectious ribonucleic acid 
(RNA) from highly purified poliovirus, a relatively sensitive and reliable plaque 
assay system for infectious enteroviral RNA, and some features of the  RNA 
which  suggested  that  infectivity  was  either  associated  with  a  distinctive 
fraction of  total  RNA  available from purified virus  or that  the  efficiency of 
completion of infection was low, and was accompanied by cellular inactivation 
and release of the bulk of the unsuccessful fraction. This paper deals with pre- 
liminary characterization of the physical form of this infectious material, and 
its relation to infectious RNA extracted from infected cells. Evidence is pre- 
sented  that  infectious  RNA  from  enteroviruses  is  a  single-stranded  poly- 
ribonucleotide combined with some other material essential for infectivity. 
Materials and Methods 
Cell Cultures and Viruses.--Cells and viruses  employed in these studies are described  in 
the preceding paper (1). Viruses were purified by ultracentrifugation and column chromatog- 
raphy on diethylaminoethyl (DEAE) cellulose as described  by Hoyer et al. (2). Virus protein 
was labeled with S~-methionine  by the method of Hoyer (3). 
Extravtion and Assay of Virus RNA.--For RNA extraction, purified virus or washed infected 
cells were suspended  in 0.02 ~t phosphate buffer (pH 7.2) containing 5 ×  10  -'~ ,~ ethylenedi- 
amine sodium  tetraacetate  (EDTA)  and  10  m  ~  tris(hydroxymethyl)aminomethane (tris) 
buffer  at pH 7.2. RNA was obtained by Gierer-Schramm  phenol  extraction and stored at 
0°C. Viral RNA in 0.2 ml. amounts of buffered 2 z~ magnesium sulfate solution was assayed 
for plaque production on washed monolayers of HeLa cells previously cultivated in calf serum 
medium following establishment from human serum-grown donor cultures (1). Except that it 
was suspended  in 0.1 ml. amounts of Hanks' balanced salt solution (BSS), intact virus was 
assayed with similar cultures. 
Enzymes.--Crystalline ribonuclease was obtained from Nutritional Biochemieals Corpora- 
* Aided by Grants from The American Cancer Society,  E-46 and E-62C,  The National 
Foundation, and Grants C-4559 V and R and CRTY-5010(C2S1)  from The National Cancer 
Institute of The National Institutes of Health, Public Health Service. 
:~ Present  address: Department  of  Microbiology,  University of  Washington  School  of 
Medicine, Seattle. 
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tion and bacterial alkaline phosphatase from Worthington Biochemical Corporation. Purified 
snake venom  phosphodiesterase  was given generously  by Dr. M, Laskowski  of Marquette 
University and by Dr. L.  Heppel of The  National Institute  of  Arthritis  and  Metabolic 
Diseases. 
EXPERIMENTAL 
Chromatographic Separation  of Infectious  Enteroviral  RNA from  Intact  Virus.-- 
Whether infectivity resided in RNA alone, or was dependent on associated proteins 
or other material, was examined by physical means. Hoyer et al. (4) have shown that 
poliovirus and other viruses can be chromatographed on substituted cellulose columns 
with reproducible elution characteristics. Fig. 1 illustrates chromatographic separation 
of purified type 1 poliovirus and RNA derived from it by phenol extraction, as deter- 
mined by plaque assay of infectivity. The distinct behavior of infectious RNA and 
donor virus on the substituted cellulose column verified that each infectious unit of 
the nucleic acid was not associated with any considerable amount of unaltered protein 
subunits. As expected for such a  strongly acidic macromolecule, the infectious RNA 
was bound firmly to the column so that only a small proportion could be eluted even 
at very high salt concentration.  Similar behavior was observed for RNA extracted 
from Coxsackie B1 virus. This rapid elution of virus and firm binding of RNA-asso- 
elated infectivity was paralleled by failure to  elute radioactive label even with  1.5 
NaC1 solution when P~-labeled poliovirus RNA was chromatographed on the DEAE 
cellulose column. 
Determination  of Residual Sa5-Labeled Proteinaceous Material  in Poliovirus RNA.-- 
The chromatographic evidence that infectivity of RNA is not attributable to a frac- 
tion behaving like intact virus raises the question of how much proteinaceous material 
does remain with RNA after phenol extraction of virus. Since chemical tests are not 
sensitive enough to detect any residual protein in poliovirus RNA, we have attempted 
to detect residual protein by use of isotopic tracer. 
Purified type 2 poliovirus containing S  3~ methionine-labeled protein was prepared 
by a method to be published (3). A highly labeled virus preparation was employed in 
which all label was in the virus, and was precipitable with cold 5 per cent trichloro- 
acetic acid plus protein carrier. The virus was  extracted with phenol  (5)  at 25°C. 
(three  5  minute  extraction periods)  in 0.02  ~  phosphate,  pH  7.2  containing 5  X 
10  -4 ~  EDTA. Before the first extraction bovine serum albumin was added to the 
phenol (final concentration 0.02  per cent) to act as carrier and allow formation of a 
visible, firm  coagulum  of  denatured  protein  at  the  interface  between  phenol  and 
aqueous phases. 
After each phenol extraction the two phases were separated by centrifugation at 
2,400 g for 5 minutes. The top two-thirds of the aqueous phase were carefully removed 
each  time to  avoid removing the precipitated protein at the  interface. Five ether 
extractions were  performed  and,  again,  removal  of  material  accumulating  at  the 
interface was avoided. The RNA solution obtained in this way was then assayed for 
infectivity as well as for residual S  a5 tracer radioactivity. 
The results are presented in Table I. It can be seen that a small amount of residual 
label remained in  the RNA  solution. However,  it is not certain that  the material 
containing S  35 was actually associated with RNA. Since the infectivity of the RNA 0 
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was 0.4 per cent of original virus infectivity, and since residual methionine-S  36 label 
showed only 0.027 per cent of original virus radioactivity, it appears that the infectious 
units of RNA had lost at least 90 per cent of their original protein during phenol 
extraction. 
Inactivation of Enterovira~ RNA  Infectivity  by Heat.--Although infectious RNA is 
considerably more labile than whole virus at low temperatures, it was of interest to 
compare RNA and virus stability at temperatures capable of disrupting hydrogen 
bonds,  and  to  examine the kinetics of heat inactivation of RNA. It was  recently 
reported (6) that foot-and-mouth disease virus is more labile to heat than is its RNA. 
Heating of intact virus has even been employed as a method for extraction of infectious 
RNA  (7). Fig. 2 shows the rate of inactivation of type 1 poliovirus RNA at 80°C. 
TABLE I 
Determination of ,S~6-Labded Protein Remaining after Extravtion of Poliovirus RN  A with Phenol, 
and Comparison with RNA Infextivity 
Mater~l teated 
Intact poliovirus*  (unextracted 
control) ................... 
Poliovirus RNA$ ............. 
Radioactivity 
r 
S~.  [Per cent of orig. 
inal activity 
¢o~  mi../mL 
74,000  i00 
I 
20  0.027 
Infectivity 
Per cent of 
Titer  original/nfec- 
tSvlty 
PI~U/ml. 
2  ×  I09  I00 
8  X  l0  s  0.4 
* Type 2 poliovirus labeled by production in cells maintained in SS6-methionine  and puri- 
fied by chromatography and ultracentrifugation (3). 
:~ Poliovirus RNA was extracted with phenol as described in the text, and the aqueous so- 
lution of RNA was examined for remaining radioactivity and infectivity. 
in 0.02 M phosphate buffer plus 5  ×  10  -4 M EDTA at pH 7.2,  compared to that for 
whole virus under the same conditions. It is evident that the infectivity of viral RNA 
is decidedly more stable at high temperatures than is the infectivity of intact virus. 
Fig. 3 shows the rate of inactivation of type 1 poliovirus RNA at 100°C.,  and Fig. 4, 
the comparative rates of inactivation of type 1 poliovirus and Coxsackie B1  RNA 
preparations at 55°C. In each case the inactivation kinetics appear multi-hit in nature 
under the conditions employed. 
Effect  of  Protein-Denaturing  Agents  on  Infectious  Enteroviral  RNA.--Effect  of 
protein-denaturing  agents  other  than  heat  and  phenol  on  enterovirus  RNA  was 
investigated. Table II shows that brief chloroform extraction of enterovirus RNA did 
not reduce infectivity; definite reduction resulted from brief extraction by a modifica- 
tion of the Sevag procedure (8), in which chloroform is supplemented with longer chain 
alcohols. Shaking with chloroform-octanol sufficient to reduce infectivity to less than 
1 per cent of original titer yielded RNA exhibiting the same sedimentation pattern in 
the analytic ultracentrifuge as found for untreated viral RNA. Apparently the treat- 
ment destroyed infectivity without depolymerizing the bulk of the RNA. How the 
presence of longer chain alcohols in chloroform affected RNA infectivity is not dear, HOLLAND~ McLAREN~ HOYER~ AND SYVERTON  845 
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Fzo. 2.  Inactivation of intact type 1 poliovirus and poliovlrus RNA at 80°C. in 0.02 
phosphate pH 7.2. 
but it was not due to contaminating peroxides, for the reagent grade alcohols employed 
were free of peroxide detectable by the dichromate test. Moreover, similar extractions 
with butanol alone, or with octanol alone fared to affect infectivity of RNA. 
Table II also shows that RNA of type 1 poliovirus and Coxsackie B1 virus retained 846  ENTEROVIRAL  NUCLEIC  ACID  IN'FECTMTY 
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FIG. 3.  Inactivation of type  t  poliovims RNA at  100°C.  in 0.02  M phosphate,  pH  7.2, 
5 X  10  -4 ~  EDTA. 
infectivity after  treatment  with  hydrogen bond-disrupting  agents  (8 M urea or 6 
guaaidine),  even when  diluted  into  low  ionic strength  solution  before  assay.  This 
retention of infectivity indicated that intrachain or interchain hydrogen bonding was 
unnecessary  for maintenance of infectivity, and  that  infectivity probably  resided in HOLLAND; ~cLAKEN~ t/OYER~ AND  SYVERTON  847 
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FIG. 4.  Inactivation of type  1 poliovims RNA and  of  Cozsackie B1  RNA at  56°C.  in 
0.02 ~ phosphate, pH 7.2, 5 X  10  -4 M EDTA. 
single stranded  RNA. Agents expected to break disulfide bonds  (0.3  ~r thioglycolate 
and  1 ~  mercaptoethanol)  also did not reduce infectivity of RNA, either singly or in 
combination with 8 ~  urea. Combined treatment could be expected to disrupt hydro- 
gen and disulfide bonds simultaneously.  Under the same conditions and in the same 848  ENTEROVIRAL  NUCLEIC ACID II~ECTIVITY 
time, infectivity of whole type 1 poliovirus was reduced a thousandfold by treatment 
with 8 m urea. The earlier discussed stability of virus RNA to heat at temperatures 
destructive to hydrogen bonds verifies the lack of importance of hydrogen bonding 
to maintenance of RNA infectivity. 
Enzymatic  Inactivation  of Enteroviral RNA  Infectivity.--The  structure of infectious 
RNA from type 1 poliovirus and Coxsackie B1 virus was studied further by determi- 
TABLE II 
Effect oJ Protein-Denaturing Agents on Infectivity oJ Poliovirus and Coxsackie Virus RNA 
Treatment of RNA 
None (control) ............................... 
Chloroform extraction~ ........................ 
Chloroform-2-octanol (9:2) extraction~ ......... 
2-octanol extraction:~ .......................... 
Chloroform-n-butanol (9:2) extraction:~ ......... 
Butanol extractionS. ........................... 
8 xt urea§ ................................... 
6 ~s guanidine§  .............................. 
0.3 ~  thioglycolate§  .......................... 
1.0 M mercaptoethanol§ ...................... 
8 ~ urea q- 0.3 ~  thioglycolate§  ............... 
8 M urea +  1.0 ~ mercaptoethanol ............ 
Per cent of initial RNA infectivity 
remsinlng after treatment* 
Pollovirus  RNA  Coxsackie BI RNA 
I00  I00 
>90  (90-102)  >90 
21  (18-24)  17 
>90  (68-112)  >90 
3  (0.9-7)  8 
>90  (85-98)  >90 
>90  (86-97)  >90 
>90  (101-1tT)  >90 
>90  (83-121)  >90 
>90  (95-114)  >90 
>90  (92-100)  >90 
>90  (77-103)  >90 
(84--lli) 
(8-26) 
(90-n2) 
(2-11) 
(76-99) 
(93-108) 
(89-96) 
004-113) 
(72-99) 
(100-117) 
(105-119) 
* Results are average percentages from 3 experiments, and figures in parentheses represent 
the range of values obtained. 
:~ For chloroform extractions and Sevag extractions equal volumes of aqueous RNA solu- 
tion and organic phase were shaken vigorously for 5 minutes, after which the organic phase 
was separated and removed with ether, and residual ether was removed by bubbling nitrogen 
through the aqueous phase. Treatment was carried out at 0°C. in pH 7.2 buffer (0.02 •  phos- 
phate). 
§ High-titer infectious RNA was placed into the indicated solutions, and after 15 minutes 
was diluted 100-fold or more in distilled water before being diluted into 2.0 M MgSO, and as- 
sayed for infectivity. Treatments were carried out for 15 minutes at 25°C. at pH 7.2 (0.002 ~t 
phosphate buffer). 
nation of the inactivating effect of specific enzymes. Figs. 5 and 6 show the rates of 
inactivation of poliovirus and  Coxsackie virus RNA by pancreatic ribonuclease. The 
first  order  kinetics of  inactivation by  this  enzymatic breakage  of  phosphodiester 
bonds indicated that a  single break at any enzyme-sensitive linkage along the RNA 
chain was sufficient to destroy infectivity. Ribonuclease was active at a concentration 
of only 10  -4 #g./ml. and less. Single hit inactivation kinetics were observed also when 
type  1  poliovirus RNA  was  degraded  by purified  snake venom phosphodiesterase 
(Fig. 7). Since this diesterase attacks polynucleotides by stepwise removal of nucleo- 
side 5'-phosphates starting at the 3' hydroxyl end of the chain (9), first order inacti- >- 
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FIG. 5.  Inactivation of type  1 poliovirus RNA by pancreatic ribonuclease.  Ribonuclease 
was added to infectious R1VA suspended in 0.02 m phosphate, pH 7.2 at 28°C.  to achieve a 
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0.02 ~ phosphate, pH 7.2, at 28°C. under conditions described for poliovirus RNA inactivation 
(see Fig. 5 text). 
vation kinetics indicated that removal of one or, at most, several nucleotides from the 
3' hydroxyl end of  the  chain was  sufficient to  destroy  infectivity. The  conclusion, 
however, is uncertain since slow hydrolysis of cyclic oligonucleofides indicates that 
snake  venom phosphodiesterase  exhibits  a  small  amount of  endopolynucleotidase >-. 
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FIG. 7.  Inactivation of type I  poliovims RNA infectivity by purified snake venom phos- 
phodiesterase.  Phosphodiesterase was added to infectious RNA suspended in 0.01 M MgSO~ 
plus 0.01  ~r tris buffer (pH 8.9)  at 25°C,  to achieve a  final enzyme concentration of 7,8  X 
10  -4 units/ml. Aliquots were removed at intervals (the reaction stopped by immediate dilution 
into 2.0 ~r MgSO4 pH 7.2) and assayed for remaining infectivity. 852  ENTEROVIRAL NUCLEIC ACID INFECTIVITY 
activity (10). It is possible that the observed kinetics of enteroviral RNA inactivation 
resulted from breakage of internal phosphodiester bonds, but since internal hydrolysis 
is much  slower than  end-group removal  (10),  presence of  substituted 2 p or  3'  end 
groups  probably  would  be  necessary  for  significant endopolynucleotidase activity 
relative to  exopolynucleotidase activity.  Koerner  and  Sinsheimer  (11),  found  that 
long chain oligonucleotides bearing a  3 t phosphate end-group were less resistant to 
spleen diesterase than short oligonucleotides with a  3 r phosphate residue, and postu- 
lated an initial internal hydrolysis. Regardless of site of initial cleavage, and despite 
the  inconsistent multi-hit kinetics of heat  inactivation, the first order inactivation 
kinetics observed with both diesterases, together with the demonstrated unimportance 
of hydrogen bonding supports the conclusion that the infectivity of enteroviral RNA 
resides in a single stranded polynucleotide. 
TABLE III 
Ineffectiveness  of Bacterial  Alkaline  Phosphatase  on  Infectivity  of Poliovirus  and  Coxsackie 
Virus RNA 
Titer of RNA  Titer of RNA 
RNA source  before treatment  after treatment* 
PFU/ml. 
Type 1 poliovirus RNA 
Experiment 1 .................................. 
Experiment 2 .................................. 
Coxsackie B1 RNA 
Experiment 3 .................................. 
Experiment 4 .................................. 
1  X  107 
4  X  106 
8  X  10  ~ 
6  X  10  6 
PFU/ml. 
1  X  10: 
3  X  10  6 
6  X  10  5 
7  X  10  6 
* Each RNA preparation was tested with 50 #g./rnl. Escherichia coli alkaline phosphatase 
for 15 minutes at 25°C. in 0.5 ~ tris buffered to pH 8.0. 
The effect of phosphomonoesterase on type 1 poliovirus and Coxsackie B 1 infectious 
RNA was determined by treatment of RNA with 50 #g./ml. (380  units/ml.) of bac- 
terial alkaline phosphatase in 0.5 M tris buffered at pH 8.0 for 15 minutes at 25°C. 
This enzyme, recently obtained in high  yield (12)  has  been purified and  character- 
ized as a stable, non-specific phosphomonoesterase (13).  The above phosphatase treat- 
ment neither inactivated infectivity (Table III),  nor altered the  rate of subsequent 
inactivation of the treated RNA with phosphodiesterase (kinetics remained identical 
with data shown  in Fig.  7).  Even  treatment with  500 #g./ml.  (3800  units/ml.)  of 
bacterial alkaline phosphatase  failed to  destroy  RNA  infectivity under  the  above 
conditions. Since alkaline phosphatase removes terminal phosphomonoester residues, 
it appeared that (a) a  terminal phosphate group was not necessary for infectivity of 
RNA, and (b) the infectious RNA chain was not terminated by a 3' phosphomonoester 
residue, for if it were, inactivation by venom diesterase would have been accelerated 
by removal of the phosphate atom (9). 
Effect  of  Carbonyl  Reagents  on  Infectivity  and  Physical  Properties  of  Infectious 
Enteroviral RNA.--Franklin and Wecker (14)  reported recently that 1 ~t hydroxyla- 
mine inactivated a  number  of  intact  animal  viruses,  and  also  RNA  isolated from I-IOLLAND~  McLAREN~  tIOYER~  AND  SYVERTON  853 
mouse encephalomyelitis  virus. On the basis of the energy of activation of this process, 
these authors suggested that hydroxylamine might have acted by splitting an ester 
bond joining an amino acid to an end of the RNA chain. Poliovirus RNA has also 
proved highly susceptible to hydroxylamine  (Table IV). Inactivation by 0.1 ~ hydrox- 
ylamine at pH  7.2  was  complete within 5 minutes. Infectivity was not reduced by 
other carbonyl reagents (semicarbazide, hydrazine, azide,  cyanide) at concentrations 
of 0.1 M (or 0.5 ~I). Franklin and Wecker (14) observed no decrease in molecular weight 
or alteration of bases when high molecular weight liver RNA was exposed  to hydrox- 
ylamine. By using concentrated purified poliovirus RNA, we were able to test directly 
the effect  of hydroxylamine on physical properties of virus RNA.  Fig. 8 shows  the 
sedimentation pattern of poliovirus RNA in the analytical ultracentrifuge, following 
TABLE  IV 
Effect of Itydroxylamine  and Other  Carbonyl Reagents on Infectious RNA 
Treatment of virus or virus RNA  Per cent of original infectivity 
after treatment 
None (control) ........................................ 
Intact virus -k- 1.0 ~ hydroxylamine* .................... 
RNA -+- 0.l M  hydroxylamine~ .......................... 
RNA +  0.l ~ azide~:  ................................... 
RNA -}- 0.1 ~ hydrazine:~  ............................... 
RNA -b 0.1 ~ cyanide,~  ................................. 
RNA +  0.I ~ semicarbazide~  ........................... 
100 
<0.0001 
<0.001 
>90  (88-107)§ 
>90  (74-113)§ 
>90  (95-115)§ 
>90  (84-108)§ 
* Intact type 1 poliovirus was incubated in 1.0 ~ hydroxylarnine for 20 hours at pH 7.2, 
20°C. 
Type 1 poliovirus RNA was incubated in 0.1 ~ concentration of carbonyl reagent for 5 
minutes at 24°C., pH 7.2, before being diluted 1  : 1000 and assayed for infectivity. 
§ Range of infectivity percentages in 3 replicate experiments are shown in parentheses. 
treatment with 0.1 •  hydroxylamine at pH 7.2. Although all infectivity was lost, the 
RNA was not depolymerized by this treatment. Thus, RNA infectivity was destroyed 
by treatment that did not degrade the bulk of virus RNA. Furthermore, the lack of 
activity of  other  earbonyl reagents under the  same mild conditions indicates that 
hydroxylamine did not act by substitution across carbonyl double bonds of the bases. 
Subunit  Contribution  to  RNA  Infectivity.--First  order  inactivation kinetics  for 
diesterase degradation, and the lack of effect of hydrogen bond disruption on entero- 
viral RNA, suggests but does not prove that infectivity resides in a single polynucleo- 
tide molecule with  no necessity for aggregation of  subunits. Possible necessity for 
subunit aggregation is difficult to rule out because viral RNA is most infectious for 
HeLa cells when inoculated in a medium that could favor RNA aggregation by hydro- 
gen bonding. With the tobacco mosaic virus system  (15, 16), the question whether 
infectivity of RNA resides  in a  single large molecule (molecular weight about 2  X 
106) or in aggregated subunits (molecular weight about 2 to 3  )<  105) has not been 
thoroughly  resolved,  nor has  the  question of  contribution to  infectivity by  small 
amounts o[  protein been answered unequivocally (17) (despite availability of large 854  ENTEROVIRAL  NUCLEIC  ACID INFECTIVITY 
quantities of  virus  RNA  for  chemical  aud  biological  analysis).  Study  of  enterovirus 
RNA  is advantageous  since infectivity can be assaycd  at  very low RNA  concenlra- 
tions in which molecular interaction should be minimal (below  IW  a #g. per ml.). 
If  aggregation of  subunits was  required  for infectivity of poliovirus RNA,  then  it 
Fie. 8.  Sedimentation of type 2 poliovirus RNA following exposure to 0.1 M hydroxylamine 
for 15 minutes at 22°C,,  as revealed by ultraviolet optics at 8 minute intervals. The virus was 
sedimented at 80,740  R.v.I~. at  10°C. in 0.1  M NaC1,  0.1  M hydroxylamine, and 0.02  M phos 
phate buffer (pH 7.l) with 5 X  10  -~ M EDTA. s~0.,o =  37 :k: 2  for  the fast moving boundary'. 
Compare with untreated virus RNA pattern shown in preceding paper (1). 
TABLE  V 
In "ecliTily o  j  RNA  Exlrocled j'rom Concentraled  and Diluled  Virus Suspensions 
Virus titer before phenol  RNA titer  Per cent of whole  virus titcr 
extraction* 
PFU/ml. 
i 
5  X  10  ~°  6  X  I0:  Approximately 0.1 
5  X  1@  i  5  X  10  a  Approximately 0.1 
* The diluted virus pool was prepared hy diluting the concentrated type 1 poliovirus pool 
10  s.  Eoth  virus preparations  were  extracted  with  phenol  and  RNA  assay,  ed  in  the usual 
111an her, 
could be anticipated  that phenol  extraction  of  dilute  solutions of  virus at  low  ionic 
strength might yield lower relative RNA infectivily than woukt extraction of concen- 
trated  virus under  conditions favoring  subunit aggregation.  In  contradiction,  Table 
V shows that poliovirus extracted at a  concentration of 5  X  I(F  ° PFU per ml. yielded 
the  same  relative  RNA  infectivity  as  this poliovirus  diluted  10r'-fold before  phenol 
extraction. The possibility of  aggregation of viral RNA  subunits even in  such dilute 
solution  was  contraindicated  by  the  failure of  much  more  concentrated  heat-inacti- HOLLAND,  McLAREN,  HOYER~ AND  SYVERTON  855 
vated viral RNA to affect infectivity when mixed with dilute infectious RNA (Table 
V-I). Even when concentrated solutions of poliovirus RNA were treated with 8 M urea 
to break hydrogen bonds, then diluted through 0.002 ~s buffer for final assay in 2 vr 
magnesium sulfate solution containing heat-inactivated poliovirus RNA, no loss  of 
infectivity resulted.  If  aggregation of  subunits was  necessary for  infectivity, the 
subunits should have been dispersed,  and subject to electrostatic  repulsion during 
urea  treatment and dilution through  a  non-ionic medium  (distilled water).  Upon 
dilution into 2 ~ magnesium sulfate solutions containing  heat-inactivated virus RNA, 
active subunits present  should have aggregated  with  the  more abundant inactive 
RNA rather than with other "active subunits," with result in significant  loss of infec- 
TABLE VI 
Effect of Heat-Inactivated  Type 1 Virus RNA on Infectivity of Untreated or Urea-Treated  Virus 
RNA 
Treatment of virus RNA 
None (control) ............................. 
Mixed with heat-inactivated  poliovirus RNA~.. 
Mixed with 8 M  urea, then diluted through 0.02 M 
tris buffer pH 7.2 and mixed with heat inac- 
tivated virus RNA~ ....................... 
Virus RNA titer (corrected for dilution) 
Experiment 1  Experiment 2 
PFU/ml.*  PFU/mt.* 
2  X  106  2  X  106 
3  X  106  3  X  106 
3  X  106  2  X  106 
Experment 3 
PFU/mI.* 
3  X  106 
1  X  106 
2  X  106 
* After  treatment and dilution  each virus  RNA preparation  was brought  to  the  same 
final dilution in 2.0 ~f MgSO4 and assayed for infectivity. 
:~ Heat-inactivated  poliovirus RNA was obtained  by controlled heating of  107 PFU of 
type 1 poliovirus RNA at 80°C. to an expected surviving fraction of 10  -7. This heat-inac- 
tivated RNA was incorporated into the 2 ~ MgSO, used for final dilution and assay of active 
virus  RNA (final concentration  of "dead"  RNA was  1000 times greater  than the active 
RNA concentration). 
tivity. Failure to observe such an effect  strongly suggested that subunit aggregation 
was not essential to enteroviral RNA infectivity. 
The question of subunit contribution was explored from another direction. If RNA 
subunit aggregation could produce infectious complexes, it was possible that infectious 
RNA inactivated at different molecular loci by treatment of samples of RNA with 
appropriate agents, could be tested for "multiplicity reactivation" upon mixture. A 
concentrated solution of type 1 poliovirus RNA was divided into four equal samples, 
one as  control.  Each of the three test samples was degraded by a different method, 
and each reaction was allowed to proceed only to an expected average of approxi- 
mately 4 hits per plaque-forming unit as determined by known inactivation kinetics. 
This point of survival represented 2 per cent of the original infectivity, as calculated 
from the equation P/Po =  ~h in which h  -- the average number of hits, P0 represents 
the original number of RNA plaque-forming units, and P  the number of plaque-form- 
ing units observed at the termination of reaction. Heat-inactivated RNA was also 856  ENTEROVIRAL NUCLEIC  ACID  INFECTIVITY 
employed at a 2 per cent survival level, although heat inactivation kinetics are multi- 
hit.  When heat-inactivated, ribonuclease-inactivated, and phosphodiesterase-inacti- 
vated samples of lZNA degraded to the predetermined level were mixed under condi- 
tions favoring hydrogen bonding, no increase in infectious titer was obtained (Table 
VII). The possibility of inadequacy of viral RNA concentration, or failure to achieve 
optimum conditions for subunit aggregation and/or exposure of cells to RNA aggre- 
gates, prevents this evidence from being conclusive, but these tested conditions at 
least provided no reason for supposing that infectivity of enteroviral RNA depended 
on aggregation of subunits. 
Replication  of  Infectious  Enteroviral  RNA  within  tteLa  Cells.--Study  of  highly 
purified poliovirus (1) left little doubt that RNA of viral origin could be infectious. 
TABLE  VII 
Infectivity  of Inactivated Poliovirus RNA  Preparations Rinsed  under Conditions FavoraOle 
for  Aggregation 
Material assayed for infectivity 
A.  Original unaltered type 1 poliovirus RNA 
B.  Diesterase-inactivated RNA (4 hits average)* 
C.  Heat-inactivated  RNA (4 hits average)* 
D.  Ribonuclease inactivated RNA (4 hits average)* 
E.  Mixture of all 3 inactivated aliquots of RNA (B, C, D)* 
Infectivity titer of RNA: 
Experiment  t  Experiment 2 
PFU/ml.  PFU/mi. 
3  X  10  6  6  X  104 
4  X  1@  1 X  10  ~ 
5  ×  10  4  9  X  1@ 
5  X  10  4  1  X  10  5 
4  X  10  4  1 X  10  ~ 
* All inactivations  of RNA were carried out under controlled conditions to yield sur- 
viving fraction of 0.02 (expected from determined kinetics). Phenol extraction  was used to 
stop enzyme inactivation. 
Mter mixing of all 3 aliquots of inactivated RNA, mixture was made 0.01 ~r with MgSO, 
solution at pH 6.5 to promote interchain hydrogen bonding. After 2 hours at 0°C. mixture 
was assayed for infectivity. 
Whether infectious RNA from poliovirus-infected ceils was similar in nature to RNA 
of purified virus was investigated next. HeLa cell monolayers were infected with type 
1 poliovirus at high multiplicity;  at intervals after infection, infected monolayers were 
washed and the cells harvested directly into buffered phenol for extraction and assay 
of  infectious RNA. The time-course of whole virus production was simultaneously 
determined in the same experiments. Observed "one-step growth" curves are shown 
in Fig. 9. These curves reveal the course of intracellular  production of intact virus as 
well as RNA, since extracellular virus was washed from the cultures before harvest. 
No infectious RNA was detected during the early eclipse phase of viral replication, 
but production of viral RNA appeared to start sooner and reach a maximum sooner 
than did maturation of intact virus. Although accumulation of intact virus lagged 
very slightly behind accumulation of infectious RNA, rates of production were similar. 
It should be emphasized that these RNA titers were relative, and not comparable to 
titers of RNA obtained from purified virus. Infectivity of viral RNA obtained from 
the  cells was  subject to  inhibition by cellular RNA and DNA and other material F 
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Fro. 9.  Intracellular production of complete pol/ovirus and infectious RNA by HeLa cells 
infected at high multiplicity. Type 1 polinvirus was adsorbed to HeLa cell monolayers for 20 
minutes to yield an effective mulfiplidty of greater than 20. Unadsorbed virus was removed 
by thorough washing with BSS, and the infected monolayers were incubated at 37°C.  in 20 
per cent calf serum yeast extract medium for various time periods. The infected monolayers 
were then washed 3 times with BSS and the cells harvested into BSS for virus assay, or into 
water-saturated phenol for RNA extraction and assay.  Infectious RNA (and  other cellular 
RNA) was extracted and assayed for infectivity by the procedure used for purified virus RNA. 
Infection was timed from the end of the adsorption period. 
present during and after extraction  (infectivity of RNA from pur/fied poliovirus was 
depressed  by  m/xture  with  RNA  from  control  uninfected  HeLa  cell  monolayers). 
These results show that accumulation of infectious RNA within ceils reaches a maxi- 
mum very shortly before intact virus reaches its peak, to suggest that infectious RNA 858  ENTEROVIRAL  NUCLEIC  ACID  INFECTIVITY 
is incorporated into virus shortly after it is produced or even as it is produced. Char- 
acteristics of infectious RNA obtained from cells 4 hours after infection were studied 
by heat inactivation, hydroxylamine inactivation, protein denaturants, and chroma- 
tographic separation, with results not differentiable from those for RNA from purified 
virus as illustrated in Figs. l, 2, and 3, Tables II and IV. These results did not distin- 
guish early appearing intracellular RNA from the RNA which can be coated with 
protein subunits to form intact virus. 
Enteroviral RNA was shown previously (18) to infect naturally insusceptible cells 
by bypassing viral protein interaction with cell receptors (19). If the infectious RNA 
found in infected cells  during virus replication was not viral RIGA, but a  cellular 
precursor,  it  could  conceivably exhibit a  greater  cell  specificity than viral  RNA. 
TABLE VIII 
Comparative SusceptSbillty of HeLa  Cells and  Naturally  Insusceptible  L  Strain  Mouse 
Fibroblasts to Infectious  RNA  Extracted from Purified  Poliovirus and from HeLa  Cells 
in an  Early Stage of Poliovirus Infection 
Source of infectious RNA 
Infectivity of RNA for 
HeLa cells* 
Infectivity of RNA for L  strain 
mouse cells* 
PFU]infec-  Total PFU  PFU/infec- 
Total PFU  tious center  tious center 
] 
Purified poliovirus ............  7  X  104  230  3  X  1@  I  400 
HeLa cells  (4 hrs. after infection)  4  X  I0  ~  470  6  X  10  ~  190 
* PFU represent total PFU recovered from monolayers of HeLa or L strain cells harvested 
and disrupted  11 hours following exposure to infectious RNA. PFU/infectious center ratios 
represent the total PFU recovered from disrupted cells at 11 hours divided by the number of 
cells found to form plaques when the intact cells were plated  over HeLa cell monolayers 3 
hours following exposure to RNA. Both HeLa and L strain cells were allowed to form firmly 
adherent monolayers under calf serum medium before exposure to RNA in 2 ~ MgSO4 so that 
neither cell line was significantly damaged by hypertonic shock. 
Preparations of RNA extracted from infected HeLa cells and from purified type  I 
poliovirus were  compared  for  their ability to  infect HeLa cells and the naturally 
insusceptible L  strain mouse  fibroblasts.  Cell  monolayers exposed  to  RNA  were 
dispersed with trypsin Ii hours after exposure,  and plated on HeLa cell monolayers 
to  determine intact infectious centers.  Equal aliquots were  disrupted by repeated 
freezing and  thawing to  release and disperse intracellular virus,  then assayed for 
total PFU. Table VIII shows that HeLa and L  strain cells were both susceptible to 
infection by poliovirus RNA whether obtained from purified virus or from infected 
cells. The ratio of total plaque yield to number of infected cells 10 hours after exposure 
to  RNA from both sources  was  10  ~ to  1@,  indicating that  every  cell  successfully 
infected with RNA produced hundreds of progeny virus partides, regardless of RNA 
source.  In this respect, infectious RNA appearing within cells early in the process  of 
poliovirus infection was indistinguishable from viral RNA. Similar susceptibility of 
HeLa cells and naturally insusceptible receptorless (19) mouse cells to poliovirus RNA 
inoculated under standard conditions is  strong evidence that  the fraction of  RNA HOLLAND~ MCLAREN,  HOYER  7 AND  SYVERTON  859 
which adsorbs rapidly to and infects both cell lines, does  not do so by virtue of residual 
protein retaining affinity for the usual cell receptors. 
DISCUSSION 
Experiments  reported here  do not  suggest that  infectious RNA extracted 
from  completely formed virus  differs  intrinsically  from  the  infectious  RNA 
found in infected cells. Infectious RNA extracted from type 1 poliovirus-in- 
fected HeLa cells was similar  to RNA from purified virus in physical properties 
and capacity to infect naturally insusceptible cells. It is therefore improbable 
that  there is an infectious enterovirus precursor of cellular nature  which is 
distinct  from  the  RNA incorporated  into  virus  as  has  been postulated  for 
several other  animal  viruses  (20,  21).  Intracellular  production  of infectious 
RNA proceeds simultaneously with,  but slightly ahead of, virus maturation 
within the cell. Darnell and Levintow (22) found synthesis of poliovirus pro- 
tein to begin with maturation of intact virus, but to proceed at a more rapid 
rate  than  production  of whole virus.  It  thus  appears  that  infectious  RNA 
and new protein are synthesized at about the same time and combined quickly 
to yield mature virus in  the cell, since  intracellular  production of infectious 
RNA is  shown  here  to  proceed simultaneously with,  but slightly ahead  of, 
virus maturation. A similar conclusion has recently been reported by Levintow 
and Darnell  (23). 
Association of RNA infectivity with only a  portion  of material  extracted 
from virus by phenol suggests heterogeneity of the RNA, or cellular adsorption, 
inactivation,  and desorption of the bulk of the RNA. It is unlikely that  the 
infectivity can be attributed to association of large amounts of complex protein 
with a  distinct infectious fraction.  Alexander et  al.  (24)  showed that  several 
proteolytic enzymes failed to inhibit poliovirus RNA infectivity, which likewise 
was resistant  to inhibition  by specific antiviral  gamma  globulin.  The earlier 
report of Colter et al.  (25) had already discounted survival of whole virus as a 
factor in RNA infectivity. Chromatographic  behavior of whole virus and ex- 
tracted  RNA shown in this report and  the low recovery of S*5-1abeled virus 
protein after phenol extraction provides further evidence against participation 
in RNA infectivity of any large amount of original  virus protein.  Infectious 
enteroviral  RNA  was  here  found  uninhibited  by treatment  with  hydrogen 
bond-breaking agents.  The  relative  sensmv]tyg  of  intact  virus  to  heat  and 
urea in contrast to the insensitivity of viral RNA indicates that  these agents 
inactivate virus by alteration of protein rather than RNA. 
Enhancement  of  enteroviral  RNA  infectivity by conditions  favoring hy- 
drogen bonding (e.g. necessity for high salt concentration for cell reception of 
RNA) may appear  to contradict the demonstrable insensitivity of infectious 
RNA to chemical agents expected to disrupt hydrogen bonds. However, results 
reported herein merely imply that maintenance of secondary or tertiary struc- 860  ENTEROVIRAL  NUCLEIC ACID  INFECTIVITY 
ture in the infectious RNA by hydrogen bonding is not necessary to  main- 
tenance of infectivity (or  preservation  of genetic  information), whereas  en- 
hancement of hydrogen bonding and tight coiling may well be  required for 
efficient reception of RNA by cells.  The infectivity of whole virus is readily 
destroyed by extensive disruption of hydrogen bonds. 
The nature of the material or structural difference responsible for the  in- 
creased adsorptive and infective qualities of the infectious RNA fraction re- 
mains to be determined. Franklin and Wecker (14)  suggested that hydroxyl- 
amine might have inactivated virus or RNA, by removal of amino acids, joined 
to a terminal hydroxyl group by an acyl ester bond. Presence of terminal amino 
acids, polypeptides, or other material, could account for the higher ability of 
the RNA infectious fraction to adsorb, as well as account for hydroxylamine 
sensitivity, inactivation by Sevag  treatment,  and possibly for the  multi-hit 
kinetics of heat inactivation. Reduction of infectivity by chloroform-octanol 
could involve alcoholysis of an ester linkage, but since neither octanol alone, 
nor chloroform alone is active, it seems more likely that the surface activity of 
the alcohols potentiates the protein-denaturing action of chloroform, resulting 
in  removal  or  denaturation of  RNA-bound  polypeptide.  Hydroxylamine in 
the  mild,  neutral,  aqueous  reaction  conditions employed here  might  be  ex- 
pected  to  inactivate  RNA  infectivity by reaction  with  an  acyl  anhydride, 
certain high energy acyl esters or thioesters. Since RNA infectivity is relatively 
stable, involvement of anhydride bonds seems unlikely. Failure of other car- 
bonyl  reagents  to  inactivate  RNA  infectivity under  conditions  permitting 
rapid  inactivation by  hydroxylamine makes  hydroxylamine action  by  sub- 
stitution across carbonyl double bonds seem improbable. 
If the  terminal 2  t  or 3'  hydroxyl group  of infectious RNA is  substituted 
through an acyl ester or phosphate ester,  then venom phosphodiesterase deg- 
radation  must  be  initiated  by internal  cleavage of the  RNA chain (9-11). 
Since phosphomonoesterase in the form of bacterial alkaline phosphatase did 
not accelerate inactivation of infectivity by venom diesterase, it appears that 
the 3  ~ hydroxyl group is either unsubstituted or is occupied by other than a 
phosphomonoester residue. 
The results with S~5-1abeled virus indicate association of a very small fraction 
(0.0003)  of original virus protein, peptide, or amino acids with RNA obtained 
by phenol extraction. This might be the material responsible for the infectivity 
and ability to adsorb of a  fraction of the total RNA. However, the presence 
of this small residuum of protein label in RNA solutions does not necessarily 
mean that it is bound to RNA. More highly labeled virus preparations than 
are presently attainable will be necessary in order to identify the nature of the 
material carrying the residual S~5-methionine after phenol extraction. 
Findings reported here essentially are compatible with what is known about 
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the end groups of tobacco mosaic virus RNA has not been established firmly, 
but the chain  probably is not terminated  by a  5' phosphomonoester residue 
whereas the 3' hydroxyl end may bear a  phosphate atom (26, 27), and there 
may be no terminal nucleosides  (28). Terminal phosphate removal appears not 
to affect tobacco mosaic virus RNA infectivity (27).  The  bacterial  alkaline 
phosphatase employed here  (12,  13) should prove to be an excellent tool for 
polynucleofide end-group  analysis  because of its  high-activity,  its  stability, 
and its freedom from diesterase activity on RNA. Inactivation of enterovirus 
RNA infectivity is a very sensitive indicator of diesterase activity; detecting 
less than  10  -4/~g./ml. of pancreatic ribonuclease (Figs.  5, 6), yet no inactiva- 
tion  of  enterovirus  RNA  occurred  upon  treatment  with  bacterial  alkaline 
phosphatase under conditions optimal for this enzyme (Table III). 
Ginoza (29) showed that infectious RNA from tobacco mosaic virus probably 
was  single  stranded,  since  kinetics  of heat  inactivation,  in  contrast  to  our 
findings  with enteroviral  RNA,  were first order.  Apart  from this  difference, 
our results support the conclusion  that enteroviral RNA infectivity resides  in 
single  stranded,  high  molecular weight RNA combined with some other ma- 
terial, and that any break in the chain destroys infectivity. No evidence was 
obtained here to suggest participation  of aggregating non-infectious subunits 
in RNA infectivity. 
The ultimate objective of viral RNA studies is to associate infectivity with 
specific structure. Approach to this objective is tempered interpretatively be- 
cause infectivity seems to be associated with only a  relatively small  fraction 
of total virus RATA, while only the bulk of RNA can be examined by physical 
technics.  Extrapolation  of physical data obtained from the bulk of RNA to 
the relatively small infectious fraction therefore requires caution. It can only 
be assumed, for example, that the infectious fraction of RNA probably suffers 
no polynucleotide chain cleavage when hydroxylamine treatment or chloroform- 
octanol  extraction  destroys  infectivity  without  depolymerizing  the  bulk  of 
viral RNA. The high ratio of physical particles to PFU encountered with these 
viruses makes interpretation even more difficult. 
S~RY 
Chromatographic behavior of whole type 1 poliovirus and phenol-extracted 
viral  RNA on diethylaminoethyl  cellulose  columns,  as revealed by assay of 
plaque-forming capacity, indicated that infectious RNA had surface properties 
markedly different from those of the intact virus. 
Infectious RNA of type 1 poliovirus and Coxsackie  B1 virus was relatively 
resistant  to  heat  inactivation  as  compared  to  intact  virus.  Kinetics  of  in- 
activation at elevated temperatures were multi-hit in character. 
The structure of infectious enterovirus RNA was investigated by treatment 
with  chemical  inactivating  agents.  Urea  and  guanidine  as  hydrogen  bond- 862  ENTEROVLRAL NUCLEIC  ACID  IN!~ECTIVITY 
disrupting agents, and mercaptoethanol and  thioglycolate as  disulfide bond- 
disrupting agents, and combinations of these did not destroy RNA infectivity 
whereas hydrogen bond-disrupting treatment inactivated intact virus rapidly. 
RNA infectivity was not reduced by chloroform extraction alone, or by octanol 
extraction  alone,  but  was  reduced  by  chloroform-octanol extraction  which 
failed to depolymerize RNA to an extent detectable by ultracentrifugal analy- 
sis. Infectivity of type I poliovirus and Coxsackie B 1 virus RNA was destroyed 
in accordance with first order kinetics by very dilute solutions of pancreatic 
ribonuclease, and by purified snake venom phosphodiesterase, but not at all 
by bacterial alkaline phosphatase. Inactivation by venom diesterase was not 
accelerated by prior  treatment of RNA with bacterial alkaline phosphatase. 
These results indicated that infectivity of enteroviral RNA resided in a single 
stranded structure,  that  a  single  break  of a  phosphodiester  bond anywhere 
along the structure was sufficient to destroy infectivity, and that infectivity 
did not require a terminal phosphate group. 
Hydroxylamine, but  not  other  carbonyl  reagents,  rapidly  destroyed  in- 
fectivity of intact type 1 poliovirus viral RNA without depolymerization of 
RNA-detectable by behavior in the analytical ultracentrifuge. 
With S~5-methionine-labeled  poliovirus a  very small fraction of radioactiv- 
ity remained in RNA preparations following phenol extraction. 
No evidence could be obtained to indicate that infectious enteroviral RNA 
was composed of subunits. 
RNA  extracted  with phenol  during the  course  of infection of HeLa cells 
with  type  1 poliovirus resembled  RNA  obtained from purified whole virus 
with  respect  to  heat  inactivation,  hydroxylamine inactivation,  chromato- 
graphic separation, susceptibility to protein denaturing agents, and ability to 
infect productively both  naturally susceptible  HeLa cells  and naturally in- 
susceptible L  strain mouse cells.  IntraceUular production of infectious RNA 
paralleled intracellular maturation of whole virus and preceded it by a  very 
short interval. 
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